We recently identified the liver X receptor-regulated E3 ubiquitin ligase inducible degrader of the LDL receptor (IDOL) as a modulator of lipoprotein metabolism. Acting as an E3 ubiquitin ligase, IDOL triggers ubiquitination and subsequent degradation of the low density lipoprotein receptor (LDLR). We demonstrate here that this outcome requires the conserved FERM and RING domains present in IDOL. The RING domain promotes ubiquitination in vitro and Lys-63-specific ubiquitination of the LDLR in vivo in response to IDOL or liver X receptor activation. We further identify RING residues that differentially influence ubiquitination of the LDLR or stability of IDOL. The FERM domain interacts with the LDLR and in living cells co-localizes with the receptor at the plasma membrane. Homology modeling revealed a phosphotyrosine-binding element embedded in the FERM domain. Mutating residues within this region or residues in the LDLR preceding the NPVY endocytosis motif abrogate LDLR degradation by IDOL. Collectively, our results indicate that both the FERM and RING domains are required for promoting lysosomal degradation of the LDLR by IDOL. Our findings may facilitate development of structurebased IDOL inhibitors aimed at increasing LDLR abundance in therapeutic strategies to treat cardiovascular disease.
Elevated levels of plasma low density lipoprotein (LDL) cholesterol represent a major risk factor for development of atherosclerosis (1) . Because of its ability to mediate LDL uptake into cells, the LDL receptor (LDLR) 2 is an important determinant of plasma LDL levels and is a target for human cardiovascular therapy (2, 3) . Mutations in this receptor are the leading cause of familial hypercholesterolemia, a disease characterized by reduced hepatic LDL clearance, elevated plasma cholesterol levels, and accelerated cardiovascular disease (3, 4) . In line with the central role of the LDLR in LDL metabolism, its abundance is subject to tight regulation. Transcription of the LDLR is controlled by the sterol regulatory element-binding protein (SREBP) family of transcription factors and is increased when cellular cholesterol levels decline to allow efficient uptake of LDL-derived cholesterol (5) . In addition to transcriptional regulation, the importance of post-transcriptional modulation of LDLR abundance has become apparent in recent years. Genetic studies identified mutations in the LDLR adaptor protein 1 (LDLRAP1/ARH) (6) and the SREBP target gene proprotein convertase subtilisin/kexin 9 (PCSK9) (7-9) that result in altered endocytosis, trafficking, and stability of the LDLR.
We have recently identified the E3 ubiquitin ligase inducible degrader of the LDLR (IDOL, also known as MYLIP (10)) as a post-transcriptional regulator of LDLR abundance (11) . Unlike the LDLR and Pcsk9, IDOL is not regulated by SREBP. Rather, IDOL is a direct transcriptional target of the nuclear receptors liver X receptors (LXR) (NR1H2 and NR1H3) and is induced by these transcription factors when cellular cholesterol levels rise (11, 12) . As such, the LXR-IDOL-LDLR axis defines a complementary but distinct pathway for sterol-dependent control of cellular cholesterol uptake through the LDLR. We recently reported that in addition to the LDLR, two other closely related receptors, the VLDLR and APOER2, are also subject to IDOLmediated degradation (13) . Briefly, overexpression of IDOL strongly reduces LDLR, VLDLR, and APOER2 protein levels in vitro and in vivo, whereas IDOL knockdown results in the opposite outcome. Functionally, this is mirrored by altered LDL uptake in the case of the LDLR, or disturbed Reelin signaling in the case of the VLDLR or APOER2 (11, 13) . Importantly, modulation of the levels of these receptors by IDOL is a post-transcriptional event. Ubiquitination of these receptors by IDOL marks them for subsequent lysosomal degradation.
Although our previous work demonstrates that IDOL decreases abundance of LDLR family members, the functional domains within IDOL that mediate this outcome have not yet been defined. In this study, we use a combination of assays to characterize the contribution of the N-terminal FERM and C-terminal RING domains to IDOL-mediated degradation of the LDLR and related receptors. These studies provide the first structural-functional characterization of the IDOL-LDLR interaction network.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfections-HEK 293T and HepG2 cells were from the ATCC. Cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS at 37°C and 5% CO 2 . HEK 293T and HepG2 cells were transfected with X-tremeGENE HP The different IDOL deletion and domain expression plasmids were generated with gateway-mediated recombination (Invitrogen). The QuikChange site-directed mutagenesis kit (Stratagene) was used to introduce mutations in the LDLR and hIDOL. DNA sequencing was used to verify the correctness of all the constructs used in this study.
Antibodies, Immunoblot Analysis, and ImmunoprecipitationTotal cell lysates were prepared in RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.1% sodium deoxycholate, 0.1% SDS, 100 mM Tris-HCl, pH 7.4) supplemented with protease inhibitors (Roche Applied Science). Lysates were cleared by centrifugation at 4°C for 10 min at 10,000 ϫ g. Protein concentration was determined using the Bradford assay (Bio-Rad) with BSA as reference. Samples (10 -40 g) were separated on NuPAGE BisTris gels (Invitrogen) and transferred to nitrocellulose. Membranes were probed with the following antibodies: LDLR (Cayman Chemical, catalog no. 10007665, 1:2000), tubulin (Calbiochem, clone CP06, 1:10,000), HA (Covance, clone HA.11, 1:20,000), V5-HRP (Invitrogen, catalog no. R961, 1:5000), VLDLR (Santa Cruz Biotechnology, clone 6A6, 1:250), or ␣74 (1:20,000) (13), FLAG-HRP (Sigma, clone M2, 1:5000), ubiquitin (Biomol, clone FK2, 1:1000), and His 6 (1:2000, catalog no. 600-401-382, Rockland). IDOL was detected with polyclonal antibodies raised in rabbits (11) . Secondary HRP-conjugated antibodies (Zymed Laboratories Inc.) were used and visualized with chemiluminescence on a Fuji LAS4000 (GE Healthcare). HA-tagged proteins were immunoprecipitated as described previously (11) . All immunoblots are representative of at least two independent experiments.
Purification of Recombinant IDOL RING Domain Expressed in Escherichia coli-His 6 -tagged hIDOL RING protein was produced in the bacterial RIPL strain (Novagen). Bacteria were grown in LB at 37°C to an A 600 of 0.6 and induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside for 4 h. Bacterial pellets were collected and lysed in lysis buffer (50 mM Tris-HCl, pH 7.6, 0.5 M NaCl, 5 mM imidazole, and 1 mM DTT) supplemented with protease inhibitors and then sonicated on ice until cells were broken. Debris was removed by centrifugation, and the lysates were loaded onto HisTrap HP columns (GE Healthcare) coupled to an Ä KTAprime Plus protein purification system (GE Healthcare). Bound proteins were eluted with imidazole, buffer exchanged using Hi-Trap desalting columns (GE Healthcare), and collected in elution buffer (20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1 mM DTT). Aliquots were immediately frozen in liquid N 2 and stored at Ϫ80°C.
In Vitro Ubiquitination Assay-Recombinant rabbit E1, UBCH5a, UBC13, and UEV1a were the kind gifts from Dr. Ben Distel (University of Amsterdam Medical Center, The Netherlands). Briefly, reactions were carried out at 28°C for 2 h in 20-l reactions containing 25 mM Tris, pH 8, 100 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and some of the following: 5 mM ATP, 0.4 g of recombinant rabbit E1, 0.4 g of UBCH5a, 2.5 g of ubiquitin (Biomol), and 0.4 g of IDOL RING. In experiments with UBC13 and UEV1a, the mixtures were incubated at 37°C for 3 h. Reactions were stopped by addition of SDS-PAGE loading buffer and subjected to immunoblotting as described above.
Molecular Modeling-Homology modeling of IDOL was performed using the ModWeb server for protein modeling. The protein sequence of the full-length IDOL was submitted as input for structure prediction. Calculated models were evaluated, and a structural prediction for IDOL residues 1-276 modeled on the FERM domain of protein 4.1 residues (1-279) was selected (PDB 1gg3) (14) . Bioinformatic analysis revealed the presence of a partial PTB domain within this region of the IDOL protein, also identified in the predicted structure. The IDOL PTB domain was aligned to the DAB1 PTB domain binding the ApoER2 tail (PDB 1NTV) (15) allowing prediction of IDOL residues involved in substrate binding.
Live Confocal Imaging of Live Cells-HepG2 cells were plated on glass coverslips, transfected with LDLR-GFP, IDOL FERMDsRed2 (IDOL residues 1-344), or a combination of both at a 1:1 ratio and cultured for 48 h. Confocal analysis was performed using a Leica TCS SP2 confocal system equipped with an Ar/Kr laser with a ϫ63 objective and a heated stage for living cell analysis at 37°C.
RNA Isolation and Quantitative PCR-Total RNA was isolated from cells using TRIzol (Invitrogen). One microgram of total RNA was reverse-transcribed with random hexamers using iScript reverse transcription reagents kit (Bio-Rad). SYBR Green real time quantitative PCR assays were performed on a Lightcycler 480 II apparatus (Roche Applied Science). Results show averages of duplicate experiments normalized to 36B4. Primer sequences are available upon request.
RESULTS
The ability of the E3 ubiquitin ligase IDOL to post-transcriptionally modulate the abundance of several members of the LDLR family of receptors suggests it contains functional domains that promote substrate recognition and subsequent ubiquitination. IDOL consists of an N-terminal FERM domain and a C-terminal RING domain (Fig. 1A) . To assess the contribution of these IDOL domains to degradation of the LDLR, we used a co-transfection assay in HEK 293T cells. In this assay, expression of wild type IDOL dramatically decreases abundance of the LDLR (Fig. 1B) . As we have shown previously (11), mutation of a conserved cysteine residue (C387A; MUT) prevents IDOL from degrading the LDLR and substantially increases the stability of IDOL. Under these experimental conditions, we are also able to detect slower migrating IDOL bands that likely represent ubiquitinated IDOL (11) . Independent expression of either the FERM or RING domains did not influence LDLR abundance (Fig. 1B) , suggesting that both are required for IDOL to degrade the LDLR. To further map the IDOL regions required for degrading the LDLR, we generated incremental N-terminal deletions of predicted FERM subdomains. Despite similar transfection efficiencies, these con-structs expressed to varying levels, likely reflecting differences in their intrinsic stability (Fig. 1C) . We found that only the full IDOL protein was capable of degrading the LDLR. Of note, in these cells we detect the LDLR as two bands, an endoplasmic reticulum precursor form and a lower mobility, fully glycosylated mature form that represents the form most susceptible to IDOL-mediated degradation. Importantly, the inability of the truncated proteins to degrade the LDLR is likely not a result of their decreased abundance. Titrating the level of full-length IDOL to a level comparable with that of the truncated forms still resulted in potent degradation of the LDLR (Fig. 1D) . Collectively, these results indicate that degradation of the LDLR by IDOL is dependent on both protein domains and prompted us to study their specific activities.
The sequence of the IDOL RING is similar to that of other prototypical RING-containing E3 ubiquitin ligases ( Fig. 2A ) (16). A central function of the RING domains is to form a docking surface for the cognate E2-ubiquitin ligase (E2). This interaction depends on specific RING residues that make contact with the E2. We therefore generated RING mutations based on the reported structures of the E2-E3 ubiquitin ligase pairs UbcH7-Cbl (17) and UbcH13-K3 (18) and tested their functional consequence. None of the mutations we generated, including V389A and V420A that correspond to the detrimental Ile-383 and Phe-418 in c-Cbl (17) , resulted in marked changes in degradation of the LDLR (Fig. 2B) or VLDLR (Fig.  2C) . Rather, mutation of Leu-415, Pro-419, Val-420, and Arg-422 led to a varied increase in IDOL protein stability and abundance (Fig. 2 , B and C and data not shown). This is akin to our previously reported mutation in one of the RING-forming cysteines (C387A) (11) . However, in contrast to the RING-disrupting C387A mutation that stabilizes IDOL yet prevents it from degrading the LDLR, these newly identified residues stabilize IDOL and leave LDLR degradation unaffected. To further mechanistically substantiate the function of the IDOL RING domains, we generated and purified recombinant wild type IDOL RING protein (Fig. 3A) . We initially tested the ability of the RING protein to promote ubiquitination in vitro with UBCH5a, a model E2. In line with our cellular-based results, recombinant IDOL RING promoted polyubiquitin chain formation in an E2-and ATP-dependent manner (Fig. 3B) . The specific attachment of polyubiquitin chains linked through lysine 63 (Lys-63) of ubiquitin to membrane receptors is often associated with their lysosomal degradation (33). Since we recently reported that both the LDLR and VLDLR are targeted for lysosomal degradation by IDOL (11, 13), we tested whether the IDOL RING can also facilitate Lys-63 linkage formation in cooperation with the E2-ligase complex UBC13-UEV1a. This E2 has been previously shown to have basal Lys-63-specific ubiquitin linkage activity that is strongly stimulated in the presence of a compatible RING partner (19, 20) . We observed that IDOL also strongly enhanced Lys-63-specific polyubiquitin chain formation in a RING-and ATP-dependent manner (Fig.  3C ). In agreement with the established specificity of this E2 complex, we found that a mutant ubiquitin in which lysine 63 is replaced by an arginine (K63R) completely abolished UBC13/ UEV1a-mediated ubiquitin chain formation independently of the RING domain (19, 20) (Fig. 4A) . When we used a mutant ubiquitin containing only a single lysine at the 63 position, the RING domain could potently stimulate formation of Lys-63 polyubiquitin chains (Fig. 4B) .
How IDOL-dependent ubiquitination leads to lysosomal degradation of the LDLR has not been resolved yet. We hypothesized that this may depend on the nature of the ubiquitin linkage formed by IDOL on the LDLR. In agreement with the in vitro ubiquitination assays, we determined that transfection of IDOL together with different ubiquitin mutants promotes Lys-63-specific ubiquitination of the LDLR in cells (Fig. 5A) . As IDOL is subject to transcriptional regulation by LXR, we now asked whether activating LXR with a synthetic agonist ligand leads to a similar outcome. As we reported previously (11), treatment of HepG2 cells with GW3965, a synthetic LXR agonist, increased expression of the canonical LXR target gene ABCA1 (196 Ϯ 19%, n ϭ 5, p Ͻ 0.01) and of IDOL (702 Ϯ 125%, n ϭ 5, p Ͻ 0.01). This treatment also increased endogenous ABCA1 in HepG2 cells further confirming the activation of LXR (Fig. 5B) . To accumulate ubiquitinated LDLR, we used the lysosomotropic agent bafilomycin A. We have previously shown that inhibiting lysosomal degradation attenuates LXR-and IDOL-dependent degradation of the LDLR (11, 13) . This likely explains the lack of a substantial decrease in abundance of LDLR under these experimental conditions. Nevertheless, concomitant to activation of the LXR-IDOL axis, we observed appearance of Lys-63-specific ubiquitinated LDLR (Fig. 5B) .
Having established the role of the RING domain in receptor ubiquitination, we now turned our focus to the N-terminal FERM domain. The FERM domain forms the signature for members of the ERM family of proteins and is known to mediate the interaction between membranes and membrane proteins (21) . We therefore predicted that this region in IDOL holds the interaction site with the LDLR and tested this using co-immunoprecipitation. In these experiments, we could not use full-length IDOL as it would degrade the LDLR and catalyze its own auto-ubiquitination and degradation (11) . Instead, we used an IDOL FERM construct (IDOL residues 1-344) and found that it interacted with two LDLR family members and degradation targets of IDOL, the LDLR and VLDLR (Fig. 6, A and B). We used a similar approach to also address the cellular site of the IDOL-LDLR interaction by co-transfecting HepG2 cells with expression constructs for LDLR-GFP, FERMDsRed2, or a mixture of both. When expressed separately in HepG2 cells, the LDLR localized predominantly to the plasma membrane and the FERM domain to intracellular vesicles (Fig.  7, A and B) . Remarkably, co-expression of both constructs shifted the localization of the FERM domain toward the plasma membrane where it largely co-localized with the LDLR (Fig. 7, 
C-H).
The interaction interface between several FERM domains and their cognate membrane-protein substrates has been resolved by atomic resolution (22, 23) . We therefore modeled the IDOL FERM domain on the solved structure of the FERM domain of protein 4.1 (PDB 1gg3) (14) . Bioinformatic analysis revealed the presence of a putative phosphotyrosine-binding domain (PTB) also seen in the modeled structure. The PTB domains of the adaptor proteins ARH and DAB1 form an important structural determinant for binding LDLR family members (6, 15) . Therefore, we overlaid the model of the IDOL PTB domain with the crystal structure of DAB1 bound to an APOER2 peptide (Fig. 8, A and B) . Remarkably, the sequence of the predicted ␣-helix within the PTB domain of IDOL is highly evolutionarily conserved (Fig. 8C) . In fact, it is even conserved in the distant fly homolog, Dnr1, which we have recently shown to also promote LDLR degradation (13) . Accordingly, deleting this helix (IDOL residues 265-272, underlined in Fig. 8C ) results in an IDOL protein that is unable to degrade the LDLR (data not shown). Within this helix, Tyr-265 and His-272 are predicted from our model to contribute to the IDOL-LDLR interaction. Mutating these residues strongly attenuated degradation of the LDLR by IDOL (Fig. 8D) , whereas mutation of the adjacent Ile-268 and Tyr-269 had no effect (Fig. 8D and data not  shown) . The cellular localization of the Y265A and H272A mutants was indistinguishable from that of WT IDOL as assessed by indirect immunofluorescence, ruling this out as an explanation for their decreased ability to promote degradation of the LDLR (data not shown). Notably, at higher IDOL/LDLR ratios, the Y265A and H272A mutants were able to degrade the LDLR (Fig. 9, A and B) , albeit to a lower extent than an equivalent level of wild type IDOL. Therefore, the most parsimonious explanation for the reduced activity of the PTB mutants is that mutation of Tyr-265 and His-272 decreased the affinity of IDOL for the LDLR.
Our model also allowed us to reciprocally address the region within the LDLR important for interaction with IDOL. We have previously reported that the intracellular tail of the LDLR is both required and sufficient for IDOL-dependent degradation (11, 13) . Our model predicts that the residues immediately preceding the NPVY endocytosis motif in the LDLR interact with IDOL. In fact, this region is highly conserved in the different receptors marked by IDOL for degradation (Fig. 10A) . As we have previously reported, deleting the complete intracellular domain of the LDLR (residues 811-860, LDLR ⌬IC ) decreases abundance of the transfected receptor and produces a receptor resistant to IDOL (Fig. 10B) . As a first step to establish the LDLR residues that bind to IDOL, we deleted residues 817-824 in the LDLR (LDLR(⌬817-824)) that partially overlap with those contributing to binding of the APOER2 peptide to DAB1. Deleting these residues in the LDLR resulted in a receptor insensitive to IDOL-mediated degradation (Fig. 10B) . Notably, a closely related LDLR family member, Lrp1b, is not degraded by IDOL (13) . We therefore hypothesized that sequence divergence between LDLR family members targeted by IDOL and Lrp1b may determine specific recognition by IDOL (Fig. 10A) . To test this hypothesis, we introduced corresponding Lrp1b residues into the LDLR and identified the highly conserved Phe-823 and Asp-824 as important specificity determinants for interaction with IDOL (Fig. 10C) . Mutating these residues resulted in an LDLR substantially less sensitive to IDOL-mediated degradation.
DISCUSSION
We have recently identified the E3 ubiquitin ligase IDOL as a direct transcriptional target of LXR and a novel post-transla- tional regulator of a subset of LDLR family receptors (11, 13) . IDOL is a unique ERM family member in that it contains a RING unit in addition to the signature FERM domain (10, 21) . Independently, neither of these functionally defined protein domains is able to enhance LDLR degradation. This prompted us to dissect the roles of each domain independently as a means to gain insight into the mechanism governing LDLR degradation by IDOL.
RING-containing E3 ubiquitin ligases constitute one of the largest mammalian protein families (16) . Overall, the IDOL RING domain is homologous to that of other members of this protein family and, intriguingly, contains three extra cysteine residues in addition to the seven forming the conserved RING structure. We have previously demonstrated that IDOL promotes appearance of ubiquitinated LDLR in cells (11) . The ability of the IDOL RING domain to stimulate polyubiquitin chain formation in vitro formally establishes IDOL as a bona fide E3 ubiquitin ligase. Unexpectedly, a set of RING mutants (L415A, V420A, and R422A) that we generated based on reported E2-E3 co-structures did not abrogate degradation of the LDLR by IDOL. Rather, these increased IDOL protein stability. This finding raises the possibility that the ubiquitination of the LDLR and auto-ubiquitination of IDOL are dissociated and independent of each other. In fact, this may account for our reported observation that although IDOL degradation is a proteosomal event, IDOL-mediated degradation of the LDLR and VLDLR is lysosomal (11, 13) . At present, we cannot formally rule out that the interaction of IDOL with a single E2 ligase mediates both outcomes. However, we find it more plausible that differential E2 ligase recruitment to IDOL determines the outcome of the ubiquitination reaction as most E2 ligases have a preference for forming specific polyubiquitin chain linkages (24, 25) . The ability of E3 ligases to interact with multiple E2 partners is supported by recent global E2-E3 interaction screens (26, 27) . Furthermore, it is now clear that specific E2-E3 interactions can control the nature of the ubiquitin linkage that is formed, as was shown for the BRCA1 RING (28) . Also, the recruitment of multiple E2 ligases into a single degradation complex is not unprecedented. The APC complex, for instance, concomitantly recruits the E2 ligases UbcH10 and Ube2S, and both are necessary for Lys-11-linked polyubiquitination of mitotic targets (29) . We therefore speculate that interaction with one E2 partner would promote IDOL polyubiquitination and proteosomal degradation, whereas interaction with an alternative E2 promotes Lys-63 ubiquitination of the LDLR and its subsequent lysosomal destruction. The identities of the cognate IDOL-interacting E2 ligases remain to be determined. One possibility is that E2 ligases are recruited to IDOL sequentially. An alternative scenario, supported by our preliminary results indicating that IDOL forms dimers, is that these oligomeric manifolds may act as a scaffold for differential E2 recruitment.
The second functional domain present in IDOL is the N-terminal FERM. The FERM domain defines a protein family known to interact with membrane proteins that is implicated in numerous physiological processes (21) . Accordingly, we demonstrate an interaction between the IDOL FERM domain and the target receptors LDLR and VLDLR. In the model hepatocyte cell line HepG2, the FERM-DsRed2 and LDLR-GFP signal largely overlapped. The co-localization was largely confined to the plasma membrane and vesicles juxtaposed with it. This was in stark contrast to the intracellular and vesicular localization of the FERM protein in the absence of the LDLR. In preliminary experiments, we ruled out the possibility that activation of LXR in HepG2 cells is able to redistribute the FERM-DsRed2 protein toward the plasma membrane. As such, the straightforward interpretation of this result is that IDOL interacts with the LDLR at or near the plasma membrane, akin to other adaptor proteins like DAB1 and ARH involved in receptor endocytosis (6, 30, 31) . This localization points toward the recycling LDLR pool as the target for IDOL-mediated degradation. This strategy seems appropriate to oppose the transcriptional regulation of the LDLR by SREBP when the cellular sterol burden increases (5) . By removing circulating LDLR, activation of the LXR-IDOL axis rapidly diminishes receptor abundance, shuts off LDL uptake, and circumvents the long half-life of the LDLR (32).
We have not determined the precise endocytic compartment in which ubiquitination of the LDLR by IDOL takes place. However, it is important to emphasize that ubiquitination of the LDLR by IDOL is not a prerequisite step for receptor endocytosis. Knocking down endogenous IDOL expression increases abundance of the LDLR and LDL uptake into cells indicating that receptor endocytosis remains intact (11) . We determined that IDOL, or activation of the LXR transcriptional program, promotes Lys-63-specific ubiquitination of the LDLR. There is accumulating evidence that within the endocytic system, Lys-63 ubiquitin linkage is specifically involved in receptor sorting and trafficking (33) . We therefore propose that ubiquitination of the LDLR by IDOL acts as a sorting signal that directs the receptor toward the lysosomal degradation pathway.
Having established that the FERM region mediates the interaction between IDOL and the LDLR allowed us to perform initial characterization of the interaction interface. Analysis of the homology model of the IDOL PTB and the DAB1-APOER2 crystal structure (15) identified a structurally conserved ␣-helix that forms part of a receptor-binding pocket. Several residues within this helix contribute to APOER2 binding to DAB1 and mutation of the equivalent residues in IDOL identified Tyr-265 and His-272 as important determinants of LDLR degradation. Their mutation attenuated LDLR degradation by IDOL, most likely by reducing the affinity of IDOL to the LDLR. In a reciprocal manner, we could also demonstrate that the sequence preceding the NPVY endocytosis motif in the LDLR is critical for IDOL-dependent degradation. Consistent with the DAB1-APOER2 structure, it was sufficient to mutate the two residues immediately preceding this motif to strongly attenuate degradation of the LDLR by IDOL. This is in good agreement with Beffert et al. (34) who demonstrated that replacing three residues upstream of the NPVY motif is sufficient to prevent DAB1 from binding APOER2 both in vitro and in vivo. Overall, our results support the presence of a well defined binding interface between IDOL and the LDLR with residues from both proteins contributing to the interaction network.
In conclusion, we provide a detailed mechanistic analysis of the functional domains in IDOL that contribute to LDLR recognition and degradation. We propose that IDOL forms a unique interaction interface with the LDLR and its E2 counterpart. Recent genome-wide association studies identify IDOL as a novel modulator of LDL in humans, thus implicating IDOL as a potential therapeutic target (35) (36) (37) . Our current results support the investigation of the development of IDOL interaction inhibitors as a novel therapeutic approach to treat dyslipidemia and cardiovascular disease.
